In this paper, several static and deformability parameters of a long suspension bridge are investigated using a genetic algorithm based approach. For each parameter, a genetic algorithm sets the worst loads combination considering both vertical and longitudinal loads. Ten thousand of different loads combinations are considered for each genetic analysis. In this way is also possible to investigate the global deformability of the bridge, using envelope diagrams consequent from the analyses. The power of modern workstations and the possibility of develop the analyses in an automatic way make effective and efficient this kind of analysis, increasing notably the reliability of the results that must support the performance based design of complex structures.
Introduction

Modern approaches and old problems
The problems related to the analysis and design of complex structures, as long suspension bridges, are actual. The mechanical behaviour of these structures is influenced by the uncertainties, interactions and nonlinearities intrinsically present in the same definition of the structural problem [1] . The modern approach to the design of complex and important constructions is based on the definition and satisfaction of an adequate number of performance parameters (Performance-Based Design [2] ). To get a reliable response of the structure, different numerical models have to be developed in order to carefully investigate the structural behaviour under the most different loads conditions (global -local, static -dynamic).
Classical books [3] can represent a strongly reference point to develop the models and the analyses. However, modern computational approaches are suitable to increment the reliability of the results necessary to face the decisional processes involved in the design of complex structures.
In this case, the Artificial Intelligence, in particularly its weak approach, provides many methods to face complex problems [4, 5, 6] : Artificial Neural Networks, Fuzzy Theory, Evolutionary Algorithms, are modern approaches that are advantageously applicable to a great number of structural problems. In particular, evolutive approaches are very effective to evaluate performances parameters of complex structures.
The evolutionary algorithms and the civil structures
The evolutionary algorithms are heuristic algorithms of searching, they include: the evolutionary programming, the evolutionary strategies, the classificatory systems and the genetic algorithms. In particular, genetic algorithms are inspired by Darwin's theory of evolution [7] .
A genetic algorithm represents each individual using an encoded form, known as chromosome or genome. During the genetic process, chromosomes are combined or mutated to give new individuals. Genetic algorithm is useful for multidimensional optimization problems in which the chromosome can represent the values of the different variables to be optimized. In general a binary coding is used (Figure 1 ), but for specific problems other types of encoding are more effective [8] . The genetic algorithm is an example of stochastic evolutionary procedure where an initial random population evolves in order to maximize an opportune fitness function. It is important to notice that during the evolution, the genetic algorithm acquires knowledge about the problem definition. Genetic algorithm is adaptive: it means that it is able to interact with a changing environment. From this point of view, the genetic algorithm can be considered good solver of problems, since they are able to survive in their environment; its behaviour and its ability are the result of the natural evolution.
For these reasons, genetic algorithms are, at the same time very flexible and robust. These characteristics make the genetic algorithms applicable in different Specifically, in many cases, the genetic algorithm is more effective than other optimization techniques (for example the gradient method) because the continuous merging of the genes through the genetic operator prevents the convergence on a local maximum (or minimum).
For their characteristics of flexibility and robustness, the genetic algorithms have found employment in image processing, combinatorial optimization, bin-packing, machine learning, designing. In the last years, many applications are also developed in the field of the civil engineering. In particular, the genetic algorithms have been used in the field of the structural optimization [9, 10, 11] , in particular design problems [12] , in the allocation of the resources for construction problems [13] and in the optimization of road and water networks [14] . In this study, a genetic algorithm is used to investigate several deformability and static parameters of a long suspension bridge.
The bridge and its numerical model
The subject of this study is a long suspension bridge with its main span 3300m long (see the Figure 2 ). The total length of the deck, 60m wide, is 3666m (including side spans). The deck is formed by three box sections, the outer ones for the roadways (CS_1 and CS_2) and the central one for the railway (CF). The roadway deck has three lanes for each carriageway (two driving lanes and one emergency lane), each 3.75m wide, while the railway section has two tracks. The two towers are 383m high and the deck, in the middle of the bridge, is 7 m high in order to provide a minimum vertical clearance for navigation of 65m -with the most unfavourable static load conditions -over a width of 600m. The bridge suspension system relies on two pairs of steel cables, each with a diameter of 1.24m and a total length, between the anchor blocks, of 5300m.
The numerical model was developed using 3D beam finite elements, each node having six degrees of freedom. The permanent loads and the masses are modelled as distributed along the elements. design of the Messina Strait Bridge (for a complete description of geometrical and mechanical properties, see [15] ). Geometrical and material nonlinearities were considered to evaluate the proper behaviour of the bridge. In particular, the material nonlinearity was used to model the devices represented in Figure 3 (TS and LS). In the tower zones nonlinear links are in fact present between the tower and the railway box section both in the transversal and in longitudinal direction. These nonlinear links was modelled with material nonlinearities to reproduce a gap in which the displacement is free. The free displacement for the nonlinear device is 30cm in transversal direction while it is 50cm along the longitudinal direction. 
The coupling of a genetic algorithm and commercial codes
The lack of adequate commercial codes is a relevant problem to use genetic algorithms or, more in general, soft-computing techniques, on complex structural analyses. Usually, traditional commercial codes are not able to solve a structural problem using soft-computing methods to increase the reliability of the results. In this way, wanting to apply the Artificial Intelligence to complex structural problems, it needs, at first, to implement a reliable structural code. It is clear that this way of facing the problem results, without doubt, expensive both in terms of time and of resources. -1000
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Although the greater part of the structural commercial codes gives great importance to the graphic interface (pixel resolution, rendering, animations, etc.) in some of them it is present also a programming interface. Sometimes this is only a heritage of old operative system (MS-DOS), but sometimes it reflects the wishes of the programming house. Surely, the programming interfaces give to the users a variety of possible extensions of the commercial code, introducing, in the same code, several ad-hoc specializations.
Many structural commercial codes offer also a programming interface with codes written by the users in C or in FORTRAN. The possibility to couple a commercial code with a house made program can be of vital importance in the study of particular aspects of complex structures which as optimization, interaction, structural control, handling of the uncertainties etc. 2) user subroutines;
3) batch mode.
Every class differs from the others for the degrees of possibility give to the user (power of the interface in Figure 4 ) and for the intrinsic difficulties of use of the interface itself. 
The open code interface
The open code is a kind of interface that one can surely define of low-level. When the source code is provided, the user can directly modify the subroutines of it, adding the statements of his interest. Of course, at the end of the changes, the code must to be rebuilt so that the consumer can use the added functions. In this case, the user code becomes part of the modified commercial code. Clearly, the new commercial code can be improved or damaged by the consumer changes.
Here, one has defined this type of interface like low level. In fact, to be used, the consumer has to have an elevated knowledge about the source code of the program, to be able to implement the desired changes. Also in the programming languages, one can find high-level languages (C, C++, JAVA, etc.) or low-level languages (ASSEMBLY, Machine language, etc.). One notices that the use of a programming language like ASSEMBLY requires great experience and knowledge about a specific computer. Equally, an open code interface requires great knowledge about the commercial code that will be modified. For these reasons, one can imagine that very few users are able to use this kind of interface.
The user subroutine interface
The user subroutine is a higher level interface in comparison to the open code. In this case, the user can write a small portion of code that comes recalled inside the commercial code. The information swapped between the user subroutine and the commercial code is predetermined by the subroutine interface. In Figure 5 one report an example of subroutine interface for the commercial code ABAQUS [16]. 
User subroutine interface
One can notice two important aspects about the user subroutine interface:
1) one cannot have into the user subroutine, information that is not scheduled in the subroutine interface;
2) usually, one can only make predetermined types of user subroutines, for example, material or load user subroutines are the most common.
Clearly, this kind of programming interface has more restraints respect to the previous one. However, the risk to cause damages into the commercial code is reduced because the user does not make changes in the source code. The necessary knowledge on the source code is limited about the subroutine interface so, it is relatively simple to use this kind of programming interface.
Like as a high level programming (C++, Java, etc.), it is not necessary to know the commercial code functioning in specific. In addition, if one wish to use the user subroutine implemented with a different commercial code, it is sufficient to change the subroutine interface (see Figure 5 ).
The batch mode interface
The batch mode interface is the highest programming interface. To use this kind of interface, the commercial code has only to run from the command line. In this case, one can embed the commercial code into a house made program and use the commercial code like a normal subroutine (see Figure 6 and Figure 8 ). It is clear that any knowledge about the source commercial code is not necessary. The user has only to know the format of the input and the output files. Respect the open code or user interface, one has many restraints because one cannot modify the normal running of the commercial code. However, one can use this approach to solve every structural problem that needs iterations, like the definition of the structural geometry, the mechanical properties and/or the loads. In other words, one can face problems of optimizations, probabilistic approaches, treatment of uncertainties and so on.
Implementation of the genetically driven analyses
The use of genetic algorithms in the structural analyses can increase notably the reliability of the results [18, 19] . In this paragraph, one introduces the different static analyses to define the performances of the bridge and their implementation in the genetic approach. At last, the results of the genetic algorithm will be reported and commented.
Basic aspects for the genetic approach
The first step to use a genetic algorithm is the identification of the search space. This space characterizes the domain in which the genetic algorithms will select the solutions. In this study, a genetic algorithm is used to drive the static analyses in a reliable performances evaluation of the bridge behaviour. Then, the variable space must consider the position of the various loads that engage the structure of the bridge (see Table 1 ).
Load
Vert For every traffic loads one has considered either vertical and longitudinal load due to an acceleration (A) or deceleration (D) of the traffic. In addition, one has considered a torque action if the traffic loads are not positioned on the box section axis. For the wind action, one has considered only a transversal wind producing lift, drag and torque loads. To represent each load analytically, 16 variables are needed:
• 1 variable for the train position;
• 2 variables for each roadway load (one has four roadway line loads listed in heavy and light traffic load for each roadway); • 2 variables for the wind load;
• 5 variables to define the traffic acceleration or deceleration (train and carriage). • the vertical displacement (negative) for the bridge deck;
• the vertical displacement (positive) for the bridge deck;
• the longitudinal slope for the bridge deck;
• the transversal slope for the bridge deck;
• the axial tension for the main cables;
• the stress state involved from the axial action and the two bending moments for the bridge tower legs.
Interface used
To use a genetic algorithm coupled with a commercial code to develop the structural analyses, a house made program able to use commercial codes by the batch interface was implemented (see Paragraph 2.3). The flow-chart of the genetic analysis is show in Figure 8 . 
House Made Program
An initial population of 100 chromosomes was initialized with random process. For each chromosome a structural analysis was developed ("Population" Cycles in Figure 8 ) using a commercial code. The house made program read the output evaluation and perform the genetic recombination of the chromosomes to get a new generation of individuals. For every generation, the previous structural analyses has to be developed ("Generation" Cycles in Figure 8 ). In this paper, one has considered 100 processes of regeneration for a total of 10000 different loads combinations. The probability of success of the crossover operator was of 80% while the probability of success of mutation operator was of 2%.
The results and their discussion
For each of the 6 performance parameters reported in Paragraph 3.1 a genetic algorithm analysis was performed. The genetic algorithm develops 100 generations of 100 different individuals to explore the space of the loads conditions. It is important to note that 10000 load combinations were considered in automatic way from the genetic algorithm. During the last generations, the variables have the tendency to converge towards the values that define the worst load configuration. The Figure 9 shows the convergence of the position toward the value that maximizes the vertical displacement both of the railway (A) and light roadway load (B).
It is clear, from Figure 9 , that the convergence of the variables that define the train position (A) is better than those that define the position of the light roadway load (B). In this sense, the influence of the railway load to define the vertical displacement is greater than the roadway load.
In addition, one can notices that both the railway load and the roadway load converge towards two different attractor points: the geometry of the bridge is in fact almost symmetrical and it is correct to hypothesize the existence of two railway positions that defines the maximum vertical displacement (see Figure 10 ). 
Envelope diagrams
From the genetic analysis, one can get the worst load position and, therefore, the worst performance of the structure. This performance represents the behaviour of the bridge in a specific point, under the selected load condition. More interesting can be the envelope diagrams, as those reported from Figure 11 to Figure 15 .
These diagrams represent the envelopes of the output parameters evaluated during the whole of the genetic analysis: on the abscissa of these diagrams, one can find the position along the longitudinal axis of the bridge while on the ordinates one has placed the maximum values of the considered parameter.
In Figures 11, 12 and 13, the curve named CF_1 represent the output parameters measured along the railroad box section. In the same way, the curves named CS_1 and CS_2 represent the output parameters measured along the two roadway box sections. +77 .00 m +54.00 +118.00 +52.00 +63.00
First railway position Second railway position From the previous diagram, one can point out the maximum values of the deformability parameters investigated. In particular, on the railway, one has:
• maximum vertical displacement (positive): 7.06 m;
• maximum vertical displacement (negative): -2.55 m;
• maximum longitudinal slope: 2.87%;
• maximum transversal slope: 6.22 %. Figure 14 one represents the envelope diagram of the tension on the main cables of the bridge. One notices a small difference between the maximum tension in the first cable and the maximum tension in the second one. This is due to the presence of a train in an eccentric position respect to the longitudinal axis of the bridge. However, one can notice that the tension due to the traffic is a small percentage of the total one: the importance of the single load into the performance definition will be investigated in the Paragraph 5.3. Figure 15 shows the stress in the tower legs: to evaluate this stress, one has considered the three internal actions (N, M x , M y ) on an equivalent rectangular section. It is interesting to notice that the value of the tensions does not have great variations along the height of the tower, this indicate a well sired structure and also that the most grater part of this tension is due to the permanent load.
-180 MPa
Total stress in the tower legs From the last two diagrams, one can point out the maximum values of the tension investigated. In particular, one has:
• maximum tension in the main cables (only N was considered): 725 MPa;
• maximum stress in the tower legs (N, M x , M y were considered): -180 MPa.
The worst load conditions
For each of the output parameters considered, the genetic algorithm converges towards a load configuration that maximizes an opportune fitness function. One important point is that one can assumes the final load condition as the worst condition related to the specific output parameter considered. In Table 2 the load conditions for every case analized are reported. One observes that the load position values were divided by the bridge length to have nondimensional variables: in this way, the bridge deck extend to 0 to 1 and the tower are positionated at 0.05 and 0.95. Figure 14 shows the diagram envelope for the maximum transversal slope of the bridge deck. It is interesting to notice that the wind is absent in the worst loads combination related to the maximum stress in the main cables. In fact, this action influences the tension with different contributions. If the tension is increased by the drag component since the deck is moved transversally, surely the lift component decrease the tension considered. Appraising the different contributions to the tension in the main cables, the genetic algorithm converges on a load combination in absence of the wind. 
The relative importance of the loads
From the previous analyses, the maximum vertical displacement of the railway deck is 7.06 m. This value is due to the whole loads agents on the bridge. Clearly, different loads have different importance to the formation of the maximum displacement. It is interesting, to evaluate the relative importance of the bridge loads. Using the loads positions point out in the previous paragraph, one can evaluate the maximum vertical displacement due to the single loads:
• Then, one can define a percentage of influence on the output parameter. For the maximum vertical displacement, one has:
• railway load: 62%;
• roadway load: 37%;
• wind load: 1%. One can notice that for the vertical displacement evaluation the principal load is the train weight. For the longitudinal slope railway and roadway loads have the same importance, while for the transversal slope the roadway loads are the principal loads. At last, one can notices the little influence of the wind load on the vertical displacement. The wind has also a modest influence on the transversal and longitudinal slopes but posses a great influence (respect the railway and roadway loads) on the stress in the tower legs. However, about the stress evaluation in the main cable and in the tower legs, the dead load is the more influent; the others loads influence the tension for a 10 -15%.
Conclusions
This paper deals with the genetic approach to the performances evaluation of a long suspension bridge. The reliable definition of the performances is today an important point, since the design of the complex structure is often executed using the so called performance-based approach. It is clear that in complex and important structures, like long suspension bridge, the performances evaluation can not be performed using few loads combinations, since the complexities of the loads make difficult the definition of the worst loads combinations. This paper shows as a genetic algorithm can drive the evaluation of the bridge performances by an optimized exploration of the variable spaces. The paper shows as the genetic approach can be used with the most popular structural codes having a batch-programming interface.
The results of the analyses can be expressed in terms of envelope diagrams that summarize the importance of the output parameters investigated during the whole process of optimization. Considering the worst load condition selected by the genetic algorithm, it is possible to evaluate the relative importance of the different loads presents on the structure. This information plays a central role in the handling of uncertainties about the loads.
It is important to note the importance of the genetic algorithm approach in the analyses of the behaviour of complex structures. This approach gives to the analysts the possibilities:
• to perform the stochastic exploration of the loads space;
• to define the worst loads combination;
• to investigate the punctual value of a generic performance;
• to investigate the global behavior of the structure through the definition of the envelope diagram of the performances; • to handle the uncertainties related to the definition of the loads.
In conclusion, the information provided by the genetic analysis can facilitate the designer of complex structures to take important decisions. For these reasons, a genetic algorithm approach and, more in general, the soft-computing methods are suitable techniques to get reliable evaluations of important design parameters.
